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Abstract 

Background: Group I metabotropic glutamate receptors (mGlu1/5 receptors) have important roles in synaptic 
activity in the central nervous system. They modulate neuronal excitability by mobilizing intracellular Ca 2+ following 
receptor activation. Also, accumulating evidence has indicated the association of Ca 2+ signaling with lipid rafts. 
Caveolin, an adaptor protein found in a specialized subset of lipid rafts, has been reported to promote the 
localization of membrane proteins to lipid rafts. 

Results: In the present study, we investigated the role of lipid rafts on the mGlul a receptor-mediated Ca 2+ signaling 
in association with caveolin in hippocampal primary neurons and HEK293 cells. We show that the disruption of lipid 
rafts using methyl-(3-cyclodextrin markedly decreased mGlul a receptor-mediated Ca 2+ transients and lipid rafts 
localization of the receptor. Furthermore, transfection of mGlula receptor with mutated caveolin-binding domain 
reduced localization of the receptor to lipid rafts. Also, application of a peptide blocker of mGlula receptor and 
caveolin binding reduced the Ca 2+ signaling and the lipid rafts localization. 

Conclusions: Taken together, these results suggest that the binding of mGlula receptor to caveolin is crucial for 
its lipid rafts localization and mGlula receptor-mediated Ca 2+ transients. 
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Background 

Metabotropic glutamate receptors (mGluRs) are members 
of the G protein-coupled receptor (GPCR) superfamily. 
They are activated by glutamate, which is a major excitatory 
neurotransmitter in the central nervous system (CNS) and 
regulate brain functions such as memory, motor control, 
and neuronal development [1]. mGluRs have been classified 
into three groups according to their sequence similarity, 
pharmacology and G protein coupling specificity [1,2]. 
Group 1 mGluRs, which encompass the mGlul and mGlu5 
receptor, are expressed in several brain regions includ- 
ing the cortex, hippocampus and cerebellum [3]. They 
are selectively activated by the specific agonist, («S)-3,5- 
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dihydroxyphenylglycine (DHPG) [4,5]. Exogenous acti- 
vation by the agonist evokes an elevation of intracellular 
Ca 2+ concentration, which contributes to the induction 
of long-term plasticity [6,7]. 

Regulation of neurotransmitter signaling has been found 
to be associated with lipid rafts, which are sphingolipid- 
and cholesterol-rich domains of the plasma membrane 
[8]. Several studies have shown that lipid rafts concentrate 
many of the regulators and ion channels involved in Ca 2+ 
signaling, suggesting significant roles of lipid rafts in 
modulating Ca 2+ signaling [9,10]. Lipid rafts exist abun- 
dantly in dendrites of neurons, in which they associate 
with glutamate receptors [11-15]. It has also been reported 
that the signaling of glutamate receptors is dependent on 
the integrity of lipid rafts. For instance, AMPA receptors 
localize to lipid rafts, and their residency in rafts is regu- 
lated by the NO-mediated signaling pathway [13]. Also, 
the NMDA receptor is associated with lipid rafts, and 
their interaction is related to the signaling of NMDA- 
induced neuronal death [11]. 
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Also, it was found that mGluRs co-localize in lipid 
rafts together with caveolin [16,17]. We have previously 
reported that mGlula receptor interacts with caveolin, 
a scaffolding protein found in a specialized subset of 
lipid rafts, which mediates the agonist-induced internal- 
ization of receptor [16]. Furthermore, it has been re- 
ported that caveolin knockout mice exhibit impaired 
mGluR-dependent long-term depression (LTD) at CA3- 
CA1 synapses of the hippocampus [18]. Although lipid 
rafts have been extensively reported to regulate glutam- 
ate receptors, little is known about their contribution to 
the regulation of glutamate receptor Ca 2+ signaling. 

In the present study, we investigated whether the in- 
tegrity of lipid rafts is involved in mGlul receptor- 
mediated Ca 2+ signaling and also whether it affects 
localization of the receptor to lipid rafts. To this end, we 
performed Ca 2+ imaging with the mGlul receptor agon- 
ist and examined the co-localization of mGlul receptor 
with lipid rafts using a cholesterol extraction drug. We 
also examined whether the interaction between mGlul 
receptor and caveolin affects mGlul receptor-mediated 
Ca 2+ signaling and the lipid rafts localization by disrupt- 
ing binding sites using mutant transfection or peptide 
blockade. 

Results 

Disruption of lipid rafts impairs mGlula receptor-induced 
Ca 2+ signaling and lipid rafts localization of mGlul recep- 
tor in hippocampal neurons 

To investigate the role of lipid rafts in mGlul receptor 
functionality, we first asked whether the disruption of lipid 
rafts affects mGlul receptor-induced Ca 2+ transients. For 
this purpose, we performed Ca 2+ imaging with hippocam- 
pal primary neurons using a ratiometric Ca 2+ dye, Fura-2/ 
AM in normal Tyrodes solution (NT solution) using a 
lipid rafts disturbing drug. Since hippocampal cultured 
neurons express both mGlul and 5 receptors [19,20], 
we always measured cytosolic Ca 2+ level ([Ca 2+ ] c ) in the 
presence of 2-Methyl-6-(phenylethynyl) -pyridine (MPEP, 
10 (iM), the selective antagonist of mGlu5, to specifically 
observe mGlul receptor-mediated responses. As shown in 
Figure 1A, application of DHPG (50 \iM) for 60s robustly 
induced [Ca 2+ ] c increase. To disrupt lipid rafts, cells were 
perfused with methyl- p-cyclodextrin (mpCD), a drug able 
to solubilize and actively sequester cholesterol from mem- 
branes as previously described [21-23]. Bath-application of 
2 mg/ml mpCD for 300 sec was sufficient to dramatically 
impair DHPG-induced Ca 2+ influx (control: 0.27 ± 0.088, 
mpCD: 0.071 ±0.025, P < 0.001 compared to control). 
Meanwhile, the amplitude of the first and second DHPG- 
induced Ca 2+ increase in the absence of mpCD were not 
significantly different, excluding a possible tachyphylaxis 
to DHPG in our system (Data not shown). Next, to re- 
verse the effect of mpCD, we used mpCD (2 mg/ml)/ 



cholesterol (10 (ig/ml) complex which was reported to at- 
tenuate mpCD-mediated lipid rafts damage by restoring 
cholesterol content on plasma membrane [24,25]. As 
shown in Figure 1A, after 300 sec perfusion of mpCD/ 
cholesterol complex, DHPG-induced Ca 2+ response was 
significantly recovered (0.215 ± 0.046, P < 0.001 compared 
to mpCD). Also, it was not found to be significantly differ- 
ent compared to control (P = 0.204), clearly validating the 
efficacy of the drug. Taken together, the data clearly sug- 
gest that the integrity of lipid rafts is crucial for mGlul 
receptor-mediated Ca 2+ signaling, as additionally illus- 
trated by representative images of Fura-2 Ca 2+ imaging 
field (Figure IB). 

To further investigate how lipid rafts are involved in 
the mGlul receptor activity, we examined the lipid rafts 
localization of the receptor in the presence of mpCD or 
mpCD/cholesterol by confocal microscopy. We used 
Alexa 488-conjugated cholera toxin B subunit (CTX- 
Alexa 488, 2 (ig/ml) to label ganglioside GM1, a well- 
known marker of lipid rafts [26]. To exclude the possible 
signal contamination of endocytosed CTX and mGlul 
receptor, cells were stained after fixation. Given the val- 
idation of antibody specificity of anti-mGlula receptor 
(Additional file 1: Figure SI), we tested the efficacy of 
GM1 labeling by CTX-Alexa 488 by simultaneously 
staining hippocampal neurons with CTX and anti-GMl 
antibody, and observed almost identical expressions of 
both throughout soma and dendrites. This result con- 
trasts with transferrin receptor, a non-lipid rafts marker, 
which was not co-localized with CTX-labeled regions 
(Additional file 1: Figure SIB). Double-labeling of CTX 
and mGlula receptor revealed that mGlula receptor co- 
localizes with lipid rafts throughout the cells including 
spines (Figure 1C, control: 48.7 ± 2.2%). Upon incubation 
with 2 mg/ml mpCD treatment, the co-localization was 
significantly decreased (Figure 1C, mpCD: 33.7 ± 9.3%, 
P < 0.01 compared to control). However, mpCD/choles- 
terol complex treatment did not affect the co-localization 
of mGlul receptor with lipid rafts (mpCD/cholesterol: 
49.5 ± 9.7%, P = 0.208 compared with control and P < 0.05 
compared with treated mpCD). Present results indicate 
that the integrity of lipid rafts affects the co-localization 
with mGlul receptor. Collectively, as we observed disturb- 
ance of both lipid rafts localization and Ca 2+ signaling by 
mpCD, these data imply the association of lipid rafts 
localization of mGlul receptor with agonist-induced Ca 2+ 
transients of the receptor. 



Binding of mGlula receptor and caveolin affects lipid 
rafts-targeting of the receptor 

We have previously described that agonist-induced in- 
ternalization of mGlula receptor is mediated by the as- 
sociation with caveolin, an adaptor protein found in a 
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Figure 1 Disruption of lipid rafts decreases mGlul receptor-induced Ca transient and receptor localization to lipid rafts in 
hippocampal neurons. (A) A representative trace of Fura-2 Ca 2+ imaging is shown. Cells loaded with Fura-2/AM in NT solution for 30 min 
were stimulated with 50 uM DHPG during 60s (arrows) in the presence of MPEP (10 uM) to block mGlu5 receptor activation. DHPG was also 
given after treatment of m(3CD (2 mg/ml for 300 sec) for cholesterol depletion and m(3CD/cholesterol complex for cholesterol 
replenishment (10 uM for 300 sec) as well. Gray and black bars represent treatment of m(3CD and m(3CD/cholesterol complex. Population 
data are shown in right panel. n=33. (B) Representative field images from Ca 2+ imaging of A. Images are presented, left to right: Baseline, 
imaging field of baseline. DHPG, at the peak ratio by applying DHPG. m(3CD and m(3CD/Cholesterol, the peak in the presence of m(3CD and 
m(3CD/Cholesterol. Cells analyzed are numbered in the baseline image. Scale bar for Fura-2 ratio is shown left. (C) Confocal images visualizing 
co-localization of mGlul a receptor (red) and lipid rafts (green) following m(3CD and m(3CD/cholesterol complex. White boxes in the upper 
figures are enlarged in lower figures. Overlaying areas (yellow) are designated with asterisks, implying co-localization of mGlul a receptor to 
CTX-Alexa 488. Spines are indicated with white arrow heads. Co-localization scores are presented in right panel, n = 11 (Control), 12 
(m(3CD), and 15 (m(3CD/cholesterol complex). Scale bar = 10 urn. The data is shown as mean ± SEM. ANOVA followed by post hoc test, 
n.s., non-significant, *, P < 0.05, **, P < 0.001. 



subset of specialized lipid rafts. Also, the binding was 
abolished by mpCD, which, in turn, also blocked the 
agonist-induced internalization of mGlula receptor [16]. 
Hence, we asked whether interference of the interaction 
affects lipid localization of mGlula receptor. To this 



end, we used mGlula receptor constructs of wild-type 
(mGlula^) and mutant with disrupted caveolin binding 
sites (mGlula F609 ' 614A : mGlula mu ), which is reported 
to impair agonist-induced Ca 2+ transients [16]. These con- 
structs were fused with super-ecliptic pHluorins (SEP), 
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the pH-sensitive variant of GFP, to exclusively visualize 
mGlula receptors on the cell surface. For ultra-fine illus- 
tration of the localization, we utilized super-resolution 
Structured Illumination Microscopy (SIM, Nikon). Hip- 
pocampal primary neurons were transfected with SEP- 
mGlula wt or SEP-mGlula mu and simultaneously stained 
with CTX-Alexa 594. SIM imaging and Peasons correl- 
ation (PC) analysis clearly revealed the significant decrease 
of co-localization of SEP-mGlula mu with lipid rafts com- 
pared to SEP-mGlula^ at the soma (mGlula wt : 0.557 ± 
0.079 Pearsons co-localization coefficient, mGlula mu : 
0.125 0 0.123 Pearsons r, P < 0.05) and at dendrites 
(mGlula™*: 0.415 ± 0.097 Pearsons co-localization coeffi- 
cient, mGlula mu : 0.099 ± 0.153 Pearsons co-localization 
coefficient, P < 0.05) (Figure 2A). The data clearly indicate 



that the caveolin binding site mutation abolishes lipid rafts 
targeting of mGlula receptor. 

To complementarily corroborate the present results, 
we executed co-localization analysis with Total Internal 
Reflection Fluorescence (TIRF) imaging to specifically 
visualize the cell surface in HEK293 cells. HEK293 cells 
were imaged after transfection with RFP-mGlula wt or - 
mGlula mu constructs and lipid rafts labeling by CTX- 
Alexa 488. The result indicated a significant reduction of 
co-localization between mGlula mu and lipid rafts com- 
pared to mGlula^ (Figure 2B, mGlula wt : 42.2 ± 4.8% 
and mGlula mu : 17.1 ± 2.6%, P < 0.01). In conclusion, 
these results suggest that the interaction of mGlula re- 
ceptor with caveolin is crucial for the lipid rafts 
localization of the receptor. 
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Figure 2 Mutation of caveolin binding site of mGlul receptor induces its lipid rafts localization. Hippocampal primary neurons were 
transfected with SEP-mGlu1a receptor wt (wild-type) and SEP-mGlu1a receptor mu (mutant) constructs. After staining with CTX-Alexa 488, images 
were acquired with super-resolution microscopy, N-SIM. (A) White and orange boxes in upper images for soma and primary dendrites, respectively, are 
enlarged at the bottom. Overlapping areas (yellow) were indicated with asterisks, implying co-localization of mGlula receptor to GHK-Alexa 488. Upper 
and lower scale bars represent 5 urn and 1 urn. Co-localization values are obtained by Pearson's correlation method. Values represent Pearson's 
co-localization coefficient ± SEM. n = 1 1 (mGlul a wt ) and 6 (mGlul a mu ). Student's t test, * P <0.05. (B) TIRF images visualizing co-localization of RFP-mGlu1a 
receptor wild-type (mGlul a wt ) or RFP-mGlu1a receptor mutant (mGlul a mu ) and lipid rafts (green). HEK293 cells were transfected with RFP-mGlu1a wt 
or - mGlul a mu and labeled with CTO-Alexa 488 (green). Overlaying areas (yellow) indicate co-localization of mGlul receptora with OT<-Alexa 488. 
n = 18 (mGlul a wt ) and 18 (mGlul a mu ). Scale bars = 10 urn. Co-localization scores are presented as average values ± SEM. Student's t test, ** P < 0.01. 



Roh et al. Molecular Brain 2014, 7:9 
http://www.molecularbrain.eom/content/7/1/9 



Page 5 of 12 



Blocking the interaction of mGlula receptor and caveolin 
decreases mGlula receptor -induced Ca 2+ signaling and 
receptor localization to lipid rafts in hippocampal 
neurons 

Now that we have confirmed the importance of lipid rafts 
integrity and of the mGlula receptor-caveolin interaction 
in the functionality of mGlula receptors, we next inves- 
tigated whether mGlul receptor-induced Ca 2+ signaling 
requires the interaction with caveolin in cultured hippo- 
campal neurons. Since hippocampal neurons endogen- 
ously express mGlula receptors and caveolin, we treated 
cells with synthetic peptides consisting of the caveolin 
binding motif of the mGlula receptor to abolish the inter- 
action. The peptide sequence was used from our previous 
study which describes the amino acid sequence of the 
caveolin binding domain of the mGlula receptor [16]. 
The peptide was made cell-permeable by attaching a 
cell-penetrating peptide (CPP), human immunodefi- 
ciency virus-type 1 Tat sequence (YGRKKRRQRRR). 
We generated Tat-blocking peptide (Tat-FVTLIFVLA) 
for interfering with the interaction and Tat-mutant pep- 
tide with dual point mutations (Tat-AVTLL4VLA) as a 
negative control (Figure 3A). First, we demonstrated 



successful incorporation of both peptides into the hip- 
pocampal primary neurons by staining with anti-Tat 
antibody, as Tat peptides were found to exist throughout 
the cells including plasma membranes (Figure 3B). 
Next, as revealed by co-immunoprecipitation (Co-IP) 
assay in Figure 3C, preincubation of Tat-blocking pep- 
tide was shown to significantly reduce the interaction 
between mGlula receptor and caveolin when immono- 
precipitated with anti-caveolin antibody in hippocampal 
primary neurons (Tat-blocking peptide: 73.3 ± 1.8% of 
control, P < 0.001 compared to control), while Tat-mutant 
peptide incubation did not (Tat-mutant peptide: 97.0 ± 
1.0% of control, P = 0.369 compared to control, P <0.001 
compared to Tat-blocking peptide). The efficacy of Tat- 
blocking peptide was also demonstrated by immunopreci- 
pitating with anti-mGlula receptor antibody in HEK293 
cells after overexpression of mGlula receptor (Additional 
file 1: Figure S2A). 

Since the efficacy of the Tat-blocking peptide was vali- 
dated, we examined whether the peptide impairs mGlul 
receptor-induced Ca 2+ transients in hippocampal neurons. 
Here, we also performed Ca 2+ imaging in the presence 
of the selective antagonist of mGlu5 receptor, MPEP 
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Figure 3 Design of Tat-peptides for blocking mGlul receptor-caveolin interaction and its efficacy. (A) Fusion synthetic peptides encoding 
Tat-blocking peptide and Tat-mutant peptide are shown. Tat-mutant peptide was generated by a dual amino acid mutation (underlined) in the 
caveolin binding motif (609-61 7aa). aa, amino acid. X and ip indicate any amino acid and aromatic amino acid, respectively. (B) Validation of 
incorporation of Tat-blocking peptide/mutant peptides into hippocampal primary neurons. Cells incubated with both peptides for 45 mins were 
stained with anti-Tat antibody and imaged with confocal microscopy. The small dots stained with anti-Tat antibody are cell debris that may not 
affect our analytic measurements with co-localization study and Ca 2+ imaging. The scale bar indicates 5 urn. (C) Co-immunoprecipitation assay of 
caveolin and mGlul receptor in hippocampal primary neurons after incubation with both peptides for 45 mins. Cell lysates were immunoprecipitated 
with anti-caveolin antibody and immunoblotted with anti-mGlul receptor antibody. Quantification was shown below. The values represent relative 
average intensity normalized by control value ± SEM. ANOVA with posthoc test, n.s., non-significant, ***, P < 0.001 (n=3). 
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(10 uM) to specifically observe mGlul receptor-induced 
responses. As shown in representative [Ca 2+ ] c traces 
and ratio change quantification of Figure 4A, applica- 
tion of Tat-blocking peptide (10 uM) for 45 min was 
sufficient to markedly reduce mGlul receptor-induced 
Ca 2+ transients (control: 0.28 ± 0.08 ratio, Tat-blocking 
peptide: 0.02 ± 0.01 ratio, P < 0.01). However, the ampli- 
tude was not significantly decreased when incubated 
with Tat-mutant peptide (Tat-mutant peptide: 0.20 ± 
0.05 ratio, P < 0.01 compared to control, P = 0.379 com- 
pared to control). A similar result was obtained in HEK 
cells transfected with mGlula receptor (Additional file 1: 
Figure S2B). Taken together, these results indicate that 
blockage of interaction of mGlula receptor and caveo- 
lin impairs agonist-induced Ca 2+ signaling of mGlul 
receptor. 

To examine whether the Tat-blocking peptide is also 
responsible for disrupting lipid rafts localization of the 
receptor in hippocampal neurons, we performed double- 
labeling immunocytochemistry of endogenous mGlula 
receptor and lipid rafts. Following 45 min treatment of 
Tat-blocking or -mutant peptide (10 uM), cells were 



stained with CTX-Alexa 594 and anti-mGlula receptor 
antibody. As shown in Figure 4B, Tat-blocking peptide 
significantly reduced the localization of the mGlula re- 
ceptor to lipid rafts (control: 54.4 ± 8.5%, Tat-blocking 
peptide: 28.5 ± 4.7%, P < 0.01), indicating the import- 
ance of the interaction of both proteins in lipid rafts 
localization of mGlula receptor. Tat-mutant peptide had 
no noticeable effect on the localization of the receptor 
to lipid rafts (Tat-mutant peptide: 51.3 ± 7.0%, P = 0.38 
compared to control, P < 0.01 compared to Tat-blocking 
peptide). In conclusion, these data strongly suggest that 
the interaction of mGlula receptor and caveolin is crit- 
ical for lipid rafts localization and agonist-induced Ca 2+ 
signaling of the endogenous mGlula receptor. 

Discussion 

In the present study, we provide a series of evidences for 
the importance of lipid rafts as a signaling platform for 
mGlula receptor. Using multiple measures, we demon- 
strated that the integrity of lipid rafts, localization of 
mGlul receptor to lipid rafts and the interaction with 
caveolin are crucial for agonist-induced mGlul receptor 
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Figure 4 Tat-blocking peptide causes reduction in mGlul receptor-mediated Ca 2+ transient and its lipid rafts localization in 
hippocampal neurons. (A) Representative traces of the Fura-2 Ca 2+ imaging with Tat-peptides. Cells were incubated with each peptide (10 uM 
for 45 min) before bath application of DHPG (50 uM, for 60s) as indicated by arrows, in the presence of 10 uM MPEP. Population data are shown 
in right panel, n = 12 (Control), 15 (Tat-blocking peptide), 13 (Tat-mutant peptide). (B) Confocal images visualizing co-localization of mGlula 
receptor and lipid rafts treated with Tat-peptides. Cells were labeled with CTX-Alexa 488 (green) and anti-mGlula receptor antibody (red). White 
boxes in the upper images are enlarged in lower panels. Overlapping areas (yellow) indicate co-localization of mGlula receptor to CTX-Alexa 488. 
n = 21 (Control), 20 (Tat-blocking peptide), 21 (Tat-mutant peptide). Scale bars = 10 urn. The data is shown as mean ± SEM. An ANOVA with 
posthoc analysis was performed, n.s., non-significant, **, P < 0.01. 
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Ca + transients. First, we observed that the m(3CD com- 
promised Ca 2+ signaling of mGlul receptors and signifi- 
cantly reduced its co-localization with lipid rafts in 
hippocampal primary neurons. We also showed the inter- 
action with caveolin is necessary for lipid rafts localization 
using mGlul receptor constructs with mutated caveolin 
binding sites in hippocampal primary neurons and 
HEK293. The application of a blocking peptide for binding 
between caveolin and mGlul receptor further supports 
that such interaction plays an important role in locating 
mGlul receptors to lipid rafts and in its Ca 2+ signaling in 
hippocampal primary neurons. Therefore, we suggest that 
lipid rafts, in association with caveolin, serves as a signal- 
ing microdomain and is a critical requirement for mGlul 
receptor-mediated signal transduction. 

Intracellular Ca 2+ is a second messenger that controls 
many cellular processes, including neuronal excitability, 
synaptic plasticity and neuronal death [27-29]. Intracel- 
lular Ca 2+ homeostasis is tightly regulated and distur- 
bances in Ca 2+ homeostasis have been implicated in 
several neurodegenerative diseases [30,31]. It is not at all 
surprising that disturbances in Ca 2+ signaling pathways 
underlie neuronal loss, since many factors involved in 
neuronal function are dependent on Ca 2+ signaling [32]. 
Although lipid rafts regulate Ca 2+ signaling in cardiac 
myocytes and other tissues, this is yet to be well estab- 
lished in the nervous system. A recent study in astro- 
cytes shows several proteins that form the inositol 1,4, 
5-triphosphate (IP 3 ) dependent Ca 2+ cascade - metabo- 
tropic receptor P2Y1, Gq, IP 3 receptor (IP3R), phospho- 
lipase C |3 (PLCp) and protein kinase Ca (PKCa) - are 
all enriched in lipid rafts. Stimulation of cells with a pur- 
inergic agonist recruited PLCp and PKCa to rafts frac- 
tions, whereas lipid raft disruption showed inhibition of 
agonist-evoked Ca 2+ waves [33]. It has also been re- 
ported that various membrane receptors localize in lipid 
rafts and their signaling is dependent on lipid raft integ- 
rity in nervous systems [34-38]. Although lipid rafts 
regulate glutamate receptor signaling, little is known 
about their contribution to the Ca 2+ signaling of glutam- 
ate receptors. This study shows that lipid rafts regulate 
Ca 2+ signaling of glutamate receptor in nervous system. 

One hypothesis to explain the decrease in mGlula 
receptor-induced Ca 2+ transients depending on lipid raft 
availability is the reduced interaction of Ca 2+ signaling 
proteins [34-36,38]. Well-established pathways of group 
I mGluR Ca 2+ signaling are the G -protein-dependent 
(Gaq) intracellular Ca 2+ release via PLC and IP 3 activa- 
tion pathway and the Ca 2+ influx via transient receptor 
potential canonical (TRPC) channel pathway. Interest- 
ingly, not only group I mGluRs but also Gq/11, PLC, 
IP3R, and TRPC, are now known to be present in lipid 
raft domains [34-36,38]. Thus, it is conceivable that the 
co-localization of mGlula receptors and their Ca 2+ 



signaling partners, facilitated by their residence in lipid 
rafts, might regulate coupling of the receptor signaling. 
It would be interesting further study to examine the 
function of these molecules after impairing the lipid rafts 
integrity. A different hypothesis is that mGluRs exist in 
different affinity states for glutamate, depending on the 
membrane composition. The receptor is in a high- 
affinity state when associated with sterol-rich lipid rafts, 
and in a low- affinity state outside of rafts [39]. Enrich- 
ment of the membranes with cholesterol shifts the re- 
ceptor into the high-affinity state, and induces its 
association with rafts. It is also possible that differences 
of agonist binding affinity according to differential lipid 
raft localization might regulate the coupling of the re- 
ceptor signaling. Another recent study suggests that 
mGlula is recruited by agonist to lipid rafts and this is 
supported in part by intact cholesterol recognition/inter- 
action amino acid consensus (CRAC) motif [40]. The 
data are in line with our result which showed impair- 
ment of Ca 2+ signaling by cholesterol extracting drug, 
mpCD, implying the importance of cholesterol in the re- 
ceptor function. Further, several studies have suggested 
MAPK (ERK1/2) and PI3K-Akt-mTOR pathways as 
down-stream effectors of mGlul receptor activation 
which are involved in long term depression (LTD) 
[17,41]. It might be interesting to investigate whether 
mpCD or caveolin binding blockade could affect the ac- 
tivation of these pathways, ultimately influencing synap- 
tic plasticity. 

But the function of mGlul receptor outside the lipid 
rafts is still unknown. At least, however, we propose that 
mGlul receptors within lipid rafts display higher activity 
than those outside lipid rafts as revealed by our data 
(Figure 1). It is also supported by the previous report 
which shows transition from resting state to active state 
of ligand binding domain when the receptor moves to 
lipid rafts [39]. Also, it may be explained that the mGlul 
receptors may have redundancy in order that only a 
small fraction of receptors remain active, leaving resting 
molecules ready to instantly participate in responses to 
external stimuli. Hence, the activity control by lipid rafts 
localization might be thought as an important mechan- 
ism for mGlul receptor function. 

Previously, mechanisms of caveolin recruiting recep- 
tors to lipid rafts have been proposed [42,43]. As shown 
through in vitro studies, caveolin is sufficient to recruit 
soluble Ras, the class of signal transducing GTPase, onto 
lipid membranes [43]. In our previous study, we showed 
that mGlula receptor contains the putative caveolin 
binding motifs spanning from the first transmembrane 
domain to the first inner loop, and from the seventh 
transmembrane domain to the C-terminal domain of the 
receptor In HEK293 cells, mGlula receptor mutant 
which has mutations in only the first transmembrane 
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domain sufficiently reduced lipid rafts localization of re- 
ceptor. In hippocampal neurons, we also showed that a 
blocking peptide impairs the interaction of mGlula re- 
ceptor with caveolin, resulting in a disruption to the 
lipid raft localization of the receptor. Incubation time 
(45 min) of the blocking peptide was sufficient to inter- 
rupt the interaction between receptor and caveolin, con- 
sidering the rapid constitutive recycling of mGlula 
receptor [17]. A key finding in this study is that interac- 
tions between mGlula receptor and caveolin are neces- 
sary for lipid rafts localization of the receptor and these 
ultimately form the Ca 2+ signaling pathway. As for the 
seemingly discrepancy of the effect of Tat-blocking pep- 
tide on the Ca 2+ transient and immunoprecipitation of 
mGlul receptor, it is considered that the Tat-blocking 
peptide significantly perturbs the receptor function while 
retaining some part of the interaction between mGlul 
receptor and caveolin. At any rate, our data are consist- 
ent with a study which showed that ATP-induced Ca 2+ 
increases originated in specific areas of the caveolin- 
enriched plasma membrane in endothelial cells, suggest- 
ing that caveolin may be involved in the initiation of 
agonist-stimulated Ca 2+ signaling [44]. However, another 
report suggests that the interaction of mGlul receptor 
and caveolin- 1 is not required for its localization to lipid 
rafts [40]. It showed that mGlul receptor mutated with 
two caveolin- 1 binding sites displayed comparable agon- 
ist binding affinity and agonist-induced localization to 
lipid rafts with wild-type. However, since the mutant it- 
self has significantly reduced surface expression as they 
discussed, it is difficult to directly compare these mea- 
sures between wild-type and mutant, while we used a 
mutant for one caveolin binding site which has normal 
surface expression level. Also, the experimental condi- 
tions such as cell type and agonist are different with 
ours. Another in vivo result from caveolin" 7 " brain cortex 
containing glial tissues does not directly implicate it as 
neuronal tissues. Still, caveolin should be functionally in- 
volved with mGlul receptor since caveolin knockout 
mice show impaired mGlu receptor LTD [18]. Overall, 
since we observed decreased calcium transients when 
using mutant mGlul receptor [16] and when treated 
with caveolin binding blocking peptides in our present 
study, we suggest that caveolin affects, rather than agon- 
ist binding affinity of mGlul receptor, lipid rafts 
localization and coupling with downstream effector. 

mGlul receptor has been implicated in several neuro- 
logical disorders. For example, disturbances in Ca 2+ 
homeostasis in hippocampal cells have been implicated 
in neurodegenerative diseases such as Alzheimer's disease 
(AD) [45]. Specifically, the impairment of declarative me- 
mory coincides with the extracellular accumulation of 
amyloid- p protein (A|3) [46] and Ap-enhanced LTD is me- 
diated by mGluR activity and requires an influx of 



extracellular Ca + [47]. It has been shown that enhanced 
mGluR signaling and Ca 2+ release regulated by IP3R were 
identified as underlying causes of the age-dependent cog- 
nitive phenotypes observed [48]. Also, chronic pain is a 
disease caused by plasticity changes in synapses of noci- 
ceptive center and such process is mediated by mGluRs 
including mGlul receptor [49]. Indeed, antagonism of the 
receptor has emerged as a potential treatment target of 
pain [50]. Further, there are several evidence which impli- 
cate mGlul receptor in ataxia [51,52], and anxiety [53,54]. 
As such, our findings hold significance in that manipu- 
lation of lipid rafts and caveolin binding sites which 
substantially affect the mGlul receptor function could 
modulate the states of diseases described above. 

Conclusions 

In conclusion, the findings described here suggest that 
lipid rafts regulate Ca 2+ signaling of mGlul receptors, 
and caveolin is required for receptor residency in lipid 
rafts, suggesting lipid rafts and caveolin as modulation 
targets for related diseases. 

Methods 

Cell culture, transfection and DNA constructs 

Primary hippocampal neurons were prepared from post- 
natal day 1 C57BL/6 mouse. In brief, hippocampi were 
isolated, stripped of meninges, and enzymatically disso- 
ciated with trypsin (Invitrogen, USA). After washing, 
cells were plated on 12 mm coverslips (0.5 x 10 4 cells) 
for intracellular Ca 2+ measurement or immunocytochem- 
istry. Cultures were incubated at 5% C0 2 and 37°C with 
Neurobasal media (Invitrogen, CA, USA) supplemented 
with B27 (Invitrogen) and 0.5 mM glutamine (Invitrogen). 
At DIV3, cells were treated with 1-p-D-Arabinofusylcyto- 
sine (5 \iM, Calbiochem, USA) and fed twice a week with 
new media until DIVIO- 14 for experiments including Ca 2+ 
imaging, microscopy and western blotting. The use and 
care of animals employed in this study followed the guide- 
lines of the National Institutes of Health Animal Research 
Advisory Committee. We have followed ARRIVE (Animal 
Research: Reporting In Vivo Experiments) guidelines. 

Human embryonic kidney 293 (HEK293) cells were 
grown in Dulbecco s Modified Eagle Medium (Invitrogen) 
supplemented with 10% (v/v) fetal bovine serum and 1% 
antibiotics (Invitrogen). For the transient expression of 
mGlula receptor, cells growing on 12 mm cover slips or 
in 35 mm dishes were transfected with 0.5 or 3 ug of 
DNA, respectively, using FuGENE 6 transfection reagent 
(Roche Molecular Biochemicals, IN, USA) according to 
manufacturers instructions. Wild-type receptor (mGlula 
receptor wt ) DNA constructs containing red fluorescent 
protein (RFP-mGlula receptor in pRK5 vector) in the 
extracellular N-terminus were used as previously de- 
scribed [16]. Mutants of mGlula receptor (mGlula 
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receptor mu ; mGlula receptor ' ) were generated 
using the QuikChanges site-directed mutagenesis kit 
(Stratagene, La Jolla, CA, USA) following the manufac- 
turer s instructions, using forward primer (22 mer): 5'- 
ctcgtgacgc tggccgtcac cctcatcgcc gttctgtacc gg-3' and 
reverse primer (22 mer): 5'ccggtacaga aeggegatga gggtga 
egge cagcgtcacg ag-3\ These constructs were further 
fused with super ecliptic pHluorin (SEP), the pH-sensitive 
variant of GFP, for SIM imaging. 

Antibodies 

Rabbit anti-mGlula receptor was obtained from Dr. C. H. 
Kim (Department of Pharmacology, Yonsei University 
College of Medicine, Korea). Rabbit anti-caveolin, rabbit 
anti-transferrin receptor and mouse anti-mGlula receptor 
were purchased from BD Bioscience (Lexington, KY, USA). 
Mouse monoclonal anti-Tat was purchased from Immuno 
Diagnostics (Woburn, MA, USA). Alexa 488 conjugated 
cholera toxin B subunit, Alexa 594 conjugated secondary 
antibodies, and rabbit anti-monosialotetrahexosylganglio- 
side (GM1) were purchased from Molecular Probes 
(Carlsbad, CA, USA). An appropriate horseradish- 
peroxidase-conjugated goat IgG as secondary antibody 
(Stressgen, Collegeville, PA, USA) was immunoblotted. 

Intracellular Ca 2+ measurements 

Cells on coverslips were loaded for 30 min at 37°e with 
acetoxy-methyl-ester Fura-2 (Fura-2/AM; Molecular Probes, 
CA, USA) in normal Tyrodes solution (NT; 140 mM NaCl, 
5 mM KC1, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 
and 10 mM HEPES, pH 7.35) supplemented with 0.01% 
pluronic acid (Sigma, USA). Ca 2+ imaging experiments 
were performed using a microscope (Olympus BX50) with 
40 x UV objective (Olympus, Tokyo, Japan). For Fura-2/ 
AM excitation, a monochromator polychrome-II (TILL- 
Photonics, Munich BioRegio, Germany) was controlled by 
Axon Imaging Workbench software 6.0 (AIW; Axon In- 
struments, CA, USA) to provide sequential illumination at 
two alternating wavelengths, 340 and 380 nm. Fluorescence 
of Fura-2/AM was detected at an emission wavelength of 
510 nm. Video images were acquired using an intensified 
CCD camera (LUC A; Andor Technology, Belfast, UK). 
Fluorescence emission ratios following excitation at 340 
and 380 nm were calculated. The values were exported 
from AIW to Origin Pro 8.0 software (OriginLab, MA, 
USA) for additional analysis and plotting. After randomly 
selecting an imaging field, all the individual cells in the field 
were selected as ROI, 10-15 cells each. All experiments 
were independently performed at least three times. 

Immunocytochemistry and cholera toxin (CTX) 
cell-surface labeling 

Cholera toxin B subunit which binds specifically to gan- 
glioside GM1 was used as marker of surface lipid rafts. 



Following a rinse with PBS (137 mM NaCl, 2.7 mM KC1, 
10 mM Na 2 HP0 4 • 2 H 2 0, and 2.0 mM KH 2 P0 4 , 
pH 7.4), cells were fixed with 4% paraformaldehyde 
(PFA) and incubated with 2 [ig/ml Alexa 488 or 594 
conjugated cholera toxin B subunit (CTX- Alexa 488 or 
594) in PBS at room temperature for 15 min. Cells were 
then washed with PBS and further fixed with 4% para- 
formaldehyde (PFA) for 30 min at room temperature. 
For double labeling of the lipid rafts makers and 
mGlula receptor, neurons were permeabilized with 0.2% 
saponin for 10 min at RT and blocked with 5% normal 
goat serum for 1 h at RT. Rabbit anti-mGlula receptor 
was exposed to neurons overnight at 4°C. Neurons were 
then treated with anti-rabbit Alexa 594 conjugated sec- 
ondary antibody for 45 min at RT and mounted on slides 
using ProLong Gold Anti-fade reagent (Invitrogen). Im- 
ages for mGlula receptor co-localization with lipid rafts 
markers were acquired by Olympus FV-1000 confocal 
microscope (Olympus, Japan) equipped with lOOx oil- 
immersion lens (1.35 NA). Cells were excited with 
488 nm (from an argon laser) and 559 nm light (from a 
diode laser). 

Co-localization analysis 

Co-localization of mGlula receptor to CTX- Alexa 488 
was analyzed in the soma and dendrites up to 50 \im 
away from the soma of the neurons. Images were ac- 
quired from 3-4 dendrite branches per neuron from sev- 
eral neurons in each condition, and the co-localization 
scores were obtained as the percentage of overlapping 
pixels of CTX with mGlul receptor or other proteins in- 
cluding flotillin, caveolin, and transferrin receptor after 
exclusion of background fluorescence. We manually se- 
lected soma or dendritic regions of interest for analysis 
and subtracted the mean intensity of background, out- 
side of soma or dendrites. Co-localization was generally 
quantified using the MetaMorph 6.0 software (Molecular 
Devices, Downingtown, PA, USA). For more detailed 
analysis of co-localization accordingly with SIM imaging 
in Figure 2, the analysis was performed using Pearson s 
correlation test by Nikon NIS -Element- AR software 
(Nikon, Japan) and data was presented as Pearson s correl- 
ation coefficient, where the coefficient between 0 and -1 
implies no co-localization, whereas a value 1 corresponds 
a perfect co-localization. The specificity of lipid rafts and 
mGlul receptor staining was tested by negative control 
staining, transferrin and IgG, respectively (Additional file 1: 
Figure SI). 

Structured illumination microscopy 

To analyze the co-localization of mGlul receptor and 
lipid rafts in hippocampal primary neurons, we utilized 
the super-resolution structured illumination microscopy 
(SIM; Nikon N-SIM). Images were obtained by Eclipse 
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Ti-E inverted microscope equipped with Nikon's legend- 
ary CFI Apo TIRF lOOx oil objective lens (NA 1.49) and 
iXon DU-897 EMCCD camera (Andor Technology). 
Specimens were excited with a diode laser (488 nm and 
561 nm) and acquired images were processed with de- 
convolution using NIS -Element- AR software (Nikon). 

Total internal reflection fluorescence (TIRF) imaging 

TIRF imaging was performed to precisely observe cell 
surface proteins according to our previous procedures 
[16]. In brief, RFP-mGlula receptor wt or -mGlula recep- 
tor" 111 expressing HEK cells were washed with PBS and 
stained with CTX-Alexa 488. Cells were then washed with 
PBS, fixed with 4% PFA for 30 min at room temperature 
and mounted on slides using ProLong Gold Anti-fade re- 
agent (Invitrogen). Imaging was performed using Olympus 
IX- 71 inverted microscope fitted with a X60, 1.45 N.A. 
TIRF lens under the control by Cell TM software 
(Olympus Corp., Tokyo, Japan). Images were captured 
by a back-illuminated Andor iXon887 EMCCD camera 
(512x512, 16-bit; Andor Technologies) and analyzed 
using MetaMorph 6.0 software. 

mGlula receptor-derived synthetic peptides 

Peptides were synthetized to disturb the interaction be- 
tween mGlula receptor and caveolin for Ca 2+ imaging 
and co-localization study. For readily incorporation into 
the cells, peptides were made cell-permeable utilizing an 
arginine-enriched cell-membrane transduction domain 
of the HIV-1 Tat protein (YGRKKRRORRR) [14]. Two pep- 
tides were synthesized from AnyGen Co. Ltd. (Kwangju, 
Korea): Tat-blocking peptides [Tat peptide fused with cave- 
olin binding site of mGlula receptor; YGRKKRRQRRR- 
FVTLIFVLA] and Tat-mutant peptides that do not inter- 
fere with the interaction [Tat peptide fused with caveolin 
binding site of mGlula receptor with dual point mutation; 
YGRKKRRQRRR-AVTLL4VLA] as a negative control. To 
validate the incorporation of the peptides into the plasma 
membrane, cells incubated with vehicle or the peptides for 
45 min were stained with anti-Tat antibody (Immuno 
Diagnostics, MA, USA) for confocal imaging. 

Co-immunoprecipitation (Co-IP) 

Co-IP was performed according to our previous proced- 
ure [16]. In brief, lysates were incubated with 2.5 [ig/mL 
rabbit anti-caveolin or mouse anti-mGlula receptor (BD 
Bioscience) antibody for 16 h. They are then incubated 
with 10 \xL of protein G-agarose (Santa Cruz Biotechnol- 
ogy, CA, USA) for 3 h at 4°C. Immunoprecipitates were 
extensively washed in washing buffer (25 mM Tris, 
pH 7.4, 10 mM NaCl, 1% Triton X-100), resuspended in 
250 mM Tris, pH 6.8, 357.7 mM (3-mercaptoethanol, 
10% sodium dodecyl sulfate (SDS), 0.5% bromphenol 



blue, and 50% glycerol (5x SDS sample buffer) and then 
subjected to immunoblotting. 

Statistics 

Data were expressed as mean ± standard error of mean 
(SEM). All statistical analyses were performed by Stu- 
dents t-test or one way ANOVA with post-hoc analysis 
where there are more than two variants using OriginPro 
8 software. Statistical tests were indicated in figure leg- 
ends. The differences between groups were considered 
to be significant when p < 0.05. 

Additional file 



Additional file 1: Figure SI. Specificity of mGlul receptor antibodya 
and CTC-Alexa488 labeling lipid rafts in hippocampal neurons. (A) Negative 
control images for the specificity of mGlula receptor antibody. Hippocampal 
neurons were stained with mGlula receptor antibody or IgG (Red) with 
DAPI (Blue). Scale bar = 10 urn. The data are representative from at least 3 
separate experiments. (B) Cells were labeled with CTC-Alexa 488 (green) 
together with antibodies recognizing transferrin receptor (negative control, 
red) or ganglioside GM1 (positive control, red). White boxes in the upper 
images are enlarged in lower images. Overlapping region (yellow) shows 
co-localization of green and red signals. Scale bar = 10 urn. Quantification of 
co-localization was presented on right. The data is shown as mean ± SEM. 
Figure S2. Tat-blocking peptides disturb mGlul receptor-caveolin inter- 
action and affect mGlul receptor-mediated Ca 2+ transients in HEK293 cells. 
(A) Co-immunoprecipitation (Co-IP) of mGlula receptor with caveolin in 
cells treated with Tat peptides (10 uM for 45 min) is shown. The Co-IP of 
mGlula receptor with caveolin was significantly reduced by Tat-blocking 
peptide but not by Tat-mutant peptide (n=3). (B) Effects of Tat-peptides on 
the intracellular Ca 2+ transients induced by DHPG. HEK293 cells transfected 
with RFP-mGlu1a receptor construct were incubated with Tat-blocking/mutant 
peptides and loaded with Fura-2/AM. Cells were perfused with of DHPG 
(50 uM for 60 s). Arrows indicate the DHPG applications, n = 16 (Control), 
30 (Tat-blocking peptide), 12 (Tat-mutant peptide). The data is shown as 
mean ± SEM from at least independent three experiments. 
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